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We recently demonstrated that human T-helper (Th) 17 cells, unlike Th1 cells, do not
proliferate in response to T-cell receptor stimulation, mainly because of their reduced
capacity to produce and respond to IL-2. In this study, we show that their lower respon-
siveness to IL-2 is due to the selective expression of Musculin (MSC), a member of the
basic helix-loop-helix transcription factors. We show that MSC expression in human
Th17 cells is retinoic acid orphan receptor (ROR)γt-dependent, and allows the upregula-
tion of PPP2R2B, a regulatory member of the protein phosphatase 2A (PP2A) enzyme. High
PPP2R2B levels in human Th17 cells were responsible for the reduced STAT5B Ser-193
phosphorylation upon IL-2 signalling and, therefore, impaired STAT5B DNA binding and
transcriptional activity on IL-2 target genes. PP2A, observed in Th17 cells, controls also
STAT3, dephosphorylating Ser727, thus increasing its activity that plays a crucial role in
Th17 development and/or maintenance. Thus, our findings identify an additional mech-
anism responsible for the limited expansion of human Th17 cells, and could provide a
further explanation for the rarity of these cells in inflamed tissues.
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Introduction
The decision of a na¨ıve CD4+ T-helper (Th) cell to acquire a par-
ticular effector phenotype is dictated by the cytokines produced
by cells of the innate immunity in response to microbes and the
consequent activation of transcription factors. In the presence of
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IL-12, na¨ıve T cells activate signal transducer and activator of
transcription 4 (STAT4) and T-bet, which induce the production
of IFN-γ (Th1 cells); in the presence of IL-4, na¨ıve T cells activate
STAT6 and GATA-3, which stimulate the production of IL-4, IL-5,
and IL-13 (Th2 cells); finally, in the presence of IL-1β and IL-23,
na¨ıve T cells activate STAT3 and retinoic acid orphan receptor
(ROR)γt that allow them to produce IL-17 (Th17 cells). Th1 cells
activate in turn macrophages, NK cells and B cells and play an
important role in the protection against intracellular microbes,
but they have also been thought to play a pathogenic role in
autoimmune disorders. Th2 cells activate eosinophil granulocytes,
mast cells, basophils, as well as the production of IgE by B cells,
thus contributing to the protection against extracellular parasites,
venoms and irritants, but they can also be responsible for atopic
disorders. Th17 cells activate macrophages, B cells and also neu-
trophil granulocytes, thus favoring the protection against extra-
cellular microbes. These cells seem to play an even more impor-
tant pathogenic role than Th1 cells in autoimmune diseases [1].
However, despite their probably powerful pathogenicity, human
Th17 cells have been found to be very rare in the inflammatory
tissues of different chronic inflammatory disorders, such as the
skin of patients with psoriasis, the synovial fluid (SF) of joints
from patients with juvenile idiopathic arthritis (JIA), the gut of
patients with Crohn’s disease (CD) [2]. In the last years, we have
extensively investigated the reasons for the rarity of Th17 cells in
inflammatory sites and have identified some of them. One of these
is surely their rapid ability to shift into Th1 cells in the presence of
inflammatory cytokines, such as IL-12 [3] and TNF-α [4]. These
Th17-derived Th1 cells have been named as nonclassic Th1 cells to
distinguish them from the classic Th1 cells that instead originate
directly from CD4+ na¨ıve T cells in response to IL-12 produced
by dendritic cells, and the distinctive phenotypic and epigenetic
features of the two types of Th1 cells have been described [5–7].
Another important reason is their limited expansion in response
to either T-cell receptor (TCR) triggering by antigen-stimulation
and/or to the most important T-cell growth factor, IL-2. In a pre-
vious study, we have demonstrated that human Th17 cells express
high levels of IL-4-induced gene I (IL4I1), which inhibits the CD3-
dependent pathway of IL-2 production [8]. In the same study, the
reduced IL-2 responsiveness was explained by the lack of PI3K-
AKT-mTORC1 axis activation, with a reduced S6ribo phosphory-
lation, but the mechanisms involved in this defect were not fully
investigated [8].
In the present study, we tried to better clarify the mechanisms
responsible for the poor responsiveness of human Th17 cells to
IL-2. To do this, we utilized a microarray analysis performed on
a set of human Th17 and Th1 clones, which has already been
reported [8]. Among the genes that fulfilled the criteria as upreg-
ulated in Th17 versus Th1 cells, there was musculin (MSC), a
member of the basic helix-loop-helix transcription factor family.
MSC, also named as Myogenic repressor (MyoR) or Activated B
cell factor-1 (ABF-1) was first identified in mouse skeletal muscle
precursors, but also in Hodgkin lymphomas, in Epstein-Barr virus-
transformed B-cell lines and more recently in murine follicular
T-helper (Tfh) cells. MSC has been shown to form heterodimers
with E proteins and acts as a potent transcriptional repressor that
blocks activation of E-box-dependent genes. However, the func-
tional role of MSC in T lymphocytes had not yet been clarified. We
first found that MSC expression in human Th17 cells was RORγt-
dependent and, more importantly, that the forced MSC expression
in either Th1 clones or ex vivo isolated Th1 cells inhibited their
responsiveness to IL-2. Moreover, the results of our study also
showed that MSC acts on STAT5B ser193 phosphorylation. This
phenomenon was obtained by directing the activity of the protein
phosphatase 2A (PP2A) on STAT5B ser193 through the expression
of the PP2A regulatory subunit PPP2R2B.
Results
MSC is expressed by both human Th17 clones and ex
vivo isolated IL-17-producing cells
In this study, we further assessed differences between human
Th17, Th17/Th1, classic, and nonclassic Th1 cells with regard
to the expression of genes potentially involved in cell activation
in response to six hours of anti-CD3 mAb plus anti-CD28 mAb
stimulation. To do this, we took advantage of a transcriptome
analysis already reported and performed on a panel of human
Th17 and Th1 clones stimulated with anti-CD3 and anti-CD28
mAb [8]; among the genes upregulated in Th17 versus Th1 clones
there was MSC, a member of the basic helix-loop-helix transcrip-
tion factors [9–12]. In order to confirm transcriptome data, Th17,
Th17/Th1, classic, and nonclassic Th1 clones derived from periph-
eral blood (PB) of healthy subjects were subjected to stimulation
with anti-CD3 plus anti-CD28 mAb and MSC mRNA expression
was analyzed by quantitative RT-PCR. As shown in Fig. 1A, MSC
mRNA levels were higher in Th17 than in classic Th1 clones,
while Th17/Th1 and nonclassic Th1 clones showed intermedi-
ate expression levels. Anti-CD3 plus anti-CD28 mAb stimulation
did not significantly affect MSC mRNA expression in any of Th
clones analyzed (Fig. 1A). Accordingly, Western blot and confo-
cal microscopy analysis confirmed the selective expression of MSC
in Th17 as compared with that in classic Th1 clones in resting
conditions (Fig. 1B and C). Stable gene expression or inhibition
is often accompanied by epigenetic remodeling of the gene locus
through DNA methylation and/or histone modifications. Thus, in
order to evaluate the stability of MSC mRNA expression or inhi-
bition in Th17 and classic Th1 cells, respectively, we decided to
investigate the DNA methylation pattern of this locus. MSC gene
has a CpG island spanning the first exon, thus we analyzed by
bisulfite cloning and sequencing several portions of this region,
but we always observed a complete demethylation in both cell
subsets (data not shown). By contrast, when we moved our atten-
tion to a region located 500 bp upstream of the transcriptional
start site, we observed a different methylation pattern, with Th17
cells being demethylated, and classic Th1 cells, on the opposite,
highly methylated (Fig. 1D).
In order to exclude the possibility that MSC selective expres-
sion by Th17 cells was due to an artefact resulting from
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Figure 1. Musculin is selectively expressed by human Th17 cells (A)
real-time quantitative PCR evaluation of Musculin gene expression in
resting and stimulated for 6 h with anti-CD3-CD28 mAbs classic Th1,
nonclassic Th1, Th17/Th1, and Th17 cell clones (n = 21 clones for each
phenotype). Data are presented as mean of mRNA expression (nor-
malized on GAPDH) + SE. Statistical analysis was performed for all
phenotypes versus Th17 using Student’s unpaired t-test: *p  0.01. (B,
C) Musculin expression was evaluated at protein level on three dif-
ferent classic Th1 and three different Th17 clones by both (B) West-
ern blot (a representative blot of one of the clones analyzed is shown)
and (C) confocal microscopy analysis (one representative experiment,
out of three, is shown, scale bars 5 μm). (D) DNA methylation status
of Musculin gene in classic Th1 and Th17 cell clones is represented
with a colorimetric-code (yellow-blue scale). Methylation levels at each
CpG site is the average of three cell clones (right). The distribution of
the average methylation levels at each CpG site of the whole region is
depicted also as box plot for each population. Means and 25th and 75th
percentiles are shown in boxes, and minimum and maximum values
are shown as whiskers (left of the panel). Statistical significance was
determined using Mann–Whitney t-test: *p  0.05.
the use of long-term in vitro cultured T cells (T-cell clones),
MSC mRNA levels were also measured in ex vivo-derived
CD161+CCR6+IL−17+IFN-γ− (Th17), CD161+CCR6+IL-17-
IFN-γ+ (nonclassic Th1), and CD161−CCR6−IL-17-IFN-γ+ (clas-
sic Th1) cell subsets, which had been purified from circulating
CD4+ T cells by FACS following the cytokine secretion assay, as
already reported [7]. In agreement with data obtained using T-cell
clones, ex vivo-derived Th17 cells expressed higher levels of MSC
mRNA than classic cells (Supporting Information Fig. 1). Similar
data were obtained isolating the above indicated cell subsets from
the PB and SF of two JIA affected patients, indicating that also
under inflammatory conditions MSC associates with Th17 cells
(data not shown).
RORγt directly regulates MSC expression
in CD4+ T cells
To establish whether the high MSC expression in Th17 cells was
RORγt-dependent, the existence of a possible correlation in the
expression of the two molecules was evaluated. As shown in
Fig. 2A, there was a strict positive correlation between mRNA
expression of RORC2 (which encodes RORγt) andMSC. This obser-
vation prompted us to investigate whether RORγt was directly
involved in MSC expression. PCR analysis performed on DNA
from Th17 cell clones precipitated with an anti-RORγt Ab, clearly
demonstrated the existence of a direct interaction between RORγt
and the MSC gene (Fig. 2B). Moreover, in order to directly
demonstrate that the increased MSC expression in Th17 cells was
RORγt dependent, classic Th1 clones, and na¨ıve umbilical cord
blood (UCB) CD4+CD161− cells were transduced with RORC2- or
control-lentivirus and then assessed forMSCmRNA expression. As
expected, all Th1 clones and na¨ıve UCB CD4+CD161− cells trans-
duced with RORC2 showed higher expression of RORC2 mRNA
compared to cells transduced with empty vector (data not shown).
Moreover, RORC2-transduced cells, both Th1 clones (Fig. 2C) and
UCB CD4+CD161− cells (Fig. 2D), had higherMSCmRNA expres-
sion in comparison with their empty vector-transduced counter-
parts. On the other hand, gene-targeting of RORC2 expression in
Th17 clones, by using RORC2-specific small interfering (si)RNA,
resulted in a marked decrease of both RORC2 and MSC mRNA
expression (Fig. 2E).
Transduction of MSC in CD4+ T cells reduces their
ability to proliferate in response to IL-2
Once we established that MSC was selectively expressed by Th17
cells and that its expression was directly regulated by RORγt, we
started to evaluate its possible functions in CD4+ T cells. To this
aim, PB-derived CD4+CD161−CCR6−CXCR3+ (classic Th1) cells,
which express neitherMSCmRNA nor its protein, were transduced
with MSC- or control-lentivirus vector and then assessed for MSC
mRNA and protein expression by quantitative PCR, Western blot,
and confocal microscopy, respectively. As shown in Fig. 3A, B, and
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Figure 2. Musculin expression is RORɣt dependent (A) correlation
between Musculin and RORC2 mRNA levels normalized on GAPDH was
performed in Th17, Th17/Th1, classic, and nonclassic Th1 clones (n= 70
clones). Statistical significancewas determinedusing Pearson’s correla-
tion: p  0.001 (B) ChiP was performed with anti-human RORɣt on three
pools, each comprised of two Th17 cell clones upon 6 h activation with
anti-CD3-CD28 mAbs. The immunoprecipitated DNA was amplified by
RT-PCR with primers specific for Musculin and GAPDH promoters, and
the results are expressed as Ct compared with no-Ab input material
used as control, and then plotted as percentage of total input. Statisti-
cal significance was determined using Mann–Whitney t-test: *p  0.05.
(C) Real-time PCR evaluation of Musculin mRNA expression in three
RORC2 and NGFR-control transduced classic Th1 cell clones. (D) Real-
time PCR evaluation of Musculin mRNA expression in three RORC2 and
NGFR-control transduced umbilical cord blood CD4+CD161-cell lines.
(C, D) Data are presented as mean of mRNA expression (normalized on
GAPDH) + SE. Statistical significance was determined using Student’s
paired t-test: *p 0.05. (E, F) Evaluation ofmRNAexpression of (E) RORC2
and (F) MSC in three different Th17 cell clones after 72 h transfection
with RORC2-specific siRNA and control (NT)-siRNA. *p  0.05. Data are
presented as mean of mRNA expression (normalized on GAPDH) + SE.
Statistical significance was determined using Student’s paired t-test:
*p  0.05.
Figure 3. Musculin overexpression in classic-Th1 cells dampens their
IL-2 induced proliferation (A) real-time PCR evaluation of Musculin
mRNA expression in 10 Musculin and NGFR-control transduced clas-
sic Th1 cell lines. Data are presented as mean of mRNA expression
(normalized on GAPDH) + SE. Statistical significance was determined
using Student’s paired t-test: * p  0.01. (B, C) Upregulation of Musculin
expression was evaluated also at protein level by (B) Western blot and
(C) confocal microscopy analysis (scale bars 5 μm). Single representa-
tive experiments are shown. (D) 10 NGFR-control (black columns) and
Musculin- (white columns) transduced classic Th1 cell lines were cul-
tured with anti-CD3-CD28 mAbs for 3 days, in the absence or presence
of IL-2, or with IL-2 alone. Proliferative response was assessed at day 3
by 3H-TdR uptake. The mean values of cpm+SE are reported. Statisti-
cal significance was determined using Student’s paired t-test, Musculin
versus NGFR-control: *p  0.001.
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C,MSC-, but not control-lentivirus transduction, induced highMSC
mRNA and protein expression by PB-derived classic Th1 cells.
In a previous study, we showed that Th17 cells, unlike Th1
cells, exhibit poor or no proliferation because of at least two rea-
sons: (i) an impairment to produce IL-2 in response to anti-CD3
plus anti-CD28 stimulation and (ii) a reduced ability to respond
to IL-2 [8]. The reduced IL-2 responsiveness was explained by
the lack of PI3K-AKT-mTORC1 axis activation, whereas the defec-
tive IL-2 production by Th17 cells appeared to be related to their
reduced c-Fos, c-Jun, and nuclear factor of activated T cells activ-
ity. The reduced activity of these transcription factors associated
with high expression of the IL-4-induced gene 1 (IL4I1) mRNA,
which encodes for a L-phenylalanine oxidase that has been shown
to downregulate CD3ζ expression in T cells [8]. For this reason, we
decided to investigate whether MSC could also be involved in one
or both these pathways. Thus, MSC- and control-lentivirus trans-
duced cells were tested for their ability to proliferate in response to
anti-CD3 plus anti-CD28mAb stimulation, in the presence or in the
absence of exogenous recombinant IL-2. As shown in Fig. 3D,MSC-
lentivirus transduced cells showed a nonsignificant reduction of
the proliferation induced by anti-CD3 plus anti CD28 mAb as com-
pared to control-lentivirus transduced ones. In agreement with
these data suggesting that MSC might not be involved in affect-
ing TCR signaling, no significant differences of IL4I1 mRNA and
CD3ζ and CD3ε protein expression were detected between MSC-
and control-lentivirus transduced cells (Supporting Information
Fig. 2A, B, and C). Moreover, comparable CD3ζ pTyr142 phos-
phorylation levels were achieved in MSC- and control-lentivirus
transduced cells upon anti-CD3 plus anti-CD28 stimulation (Sup-
porting Information Fig. 2D). By contrast, the cell response to
IL-2, both in absence or presence of contemporary TCR and CD28
triggering, was significantly affected by the forced expression of
MSC (Fig. 3D). Therefore, we came to the conclusion that high
MSC expression in human Th17 cells may associate with their
reduced IL-2 response, and we decided to investigate better their
IL-2 signaling pathway. IL-2 transduces its signal through the IL-2
receptor (IL-2R) complex, which is made of two essential sig-
naling subunits, IL-2Rβ and IL-2Rγ, and one affinity modulating
subunit, IL-2Rα. IL-2-induced heterodimerization of IL-2Rβ and
IL-2Rγ results in activation of receptor-associated JAK1 and JAK3
through trans- or auto-phosphorylation [13]. Subsequent tyro-
sine phosphorylation of the IL-2Rβ chain provides docking sites
for effector molecules including STAT5A and STAT5B. Human
STAT5A and STAT5B are phosphorylated on the conserved tyro-
sine (Tyr) residues Tyr694 and Tyr699, respectively, which allows
their dissociation from the receptor complex, formation of hetero-
or homodimers, and nuclear translocation to bind specific pro-
moter elements that stimulate transcription of target genes that
control cell growth and differentiation. In addition to tyrosine
phosphorylation, IL-2 induces serine (Ser) phosphorylation of
STAT5 and recent data indicate that STAT5B undergoes cytokine-
induced phosphorylation at Ser193 through a rapamycin-sensitive
mechanism [14, 15].
We started our IL-2 signaling investigation by evaluating the
expression of the IL-2 receptor chains but, as shown in Fig. 4A,
no significant differences of ILRA, IL2RB, and IL2RG mRNA levels
were detectable between MSC- and control-lentivirus transduced
classic Th1 cell lines (n = 10) . Then, total STAT5A and B, as
well as their phosphorylation status at both tyrosine and serine
residues, were evaluated in steady state and upon IL-2 stimula-
tion in MSC- or control-lentivirus transduced classic Th1 cells. As
shown in Fig. 4B, STAT5A/B phosphorylation at Tyr 694/699 in
response to IL-2 stimulation was not affected by the forced expres-
sion of MSC, as demonstrated by flow cytometric analysis. Instead,
both Western blot and confocal microscopy analysis evidenced a
significant reduction of STAT5B Ser193 phosphorylation in MSC-
transduced cells, when compared to the control (Fig. 4C and D). Of
note, both Western blot and confocal microscopy analysis showed
no differences of total STAT5B protein levels between MSC- and
control-lentivirus transduced cells (Fig. 4E and F). These data
clearly suggest that the reduced STAT5B Ser193 phosphorylation,
which characterizes MSC-transduced classic Th1 cells, is not due
to a reduction of total STAT5B protein expression.
In order to conclude that the effects on IL-2 signaling observed
in classic Th1 cells after MSC overexpression reflect the physiolog-
ical inhibition of this pathway that is present in human Th17 cells,
we repeated the previous experiments on both human Th17 and
classic Th1 cells. As shown in Supporting Information Fig. 3, in
agreement with our previous findings [8] we found no differences
in themRNA expression of the different IL-2 receptor chains (panel
A), as well as no differences in STAT5A/B Tyr694/699 phospho-
rylation upon IL-2 stimulation in both Th17 and classic Th1 cells
(panel B). However, in agreement with the data obtained onMSC-
transduced classic Th1 cells, Th17 cell lines displayed impaired
STAT5B Ser193 phosphorylation when compared to classic Th1
cells upon IL-2 signaling (Fig. 5A). Even in this case, the reduced
Ser193 phosphorylation could not be ascribed to a lower expres-
sion of total STAT5B protein in Th17 cells compared to Th1 cells
(Fig. 5B).
Human Th17 cells are characterized by a high level of
PPP2R2B expression
Recent data indicate that STAT5B undergoes IL-2-induced phos-
phorylation at Ser193 through a rapamycin-sensitive mechanism
[15]. In addition, the serine/threonine protein phosphatase 2A
(PP2A) has been shown to dephosphorylate STAT5B at Ser193
residue reducing its DNA binding and transcriptional activity [15].
We have previously shown that human Th17 cells have reduced
activation of the mTOR pathway in response to IL-2 [8], and this
may partially account for the reduced phosphorylation of STAT5B
Ser193 in response to IL-2. In order to understand how the activity
of a transcription factor like MSC could be related to the reduced
STAT5B Ser193 phosphorylation, we took advantage again of the
gene expression profile obtained bymicroarray analysis performed
on a panel of human Th17 and Th1 clones, looking for differen-
tially expressed protein phosphatases. Among the genes upregu-
lated in Th17 versus Th1 clones we found protein phosphatase
2, regulatory subunit B, beta (PPP2R2B). PPP2R2B belongs to the
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Figure 4. Musculin affects IL-2 signal-
ing by reducing STAT5B Ser193 phos-
phorylation in MSC-transduced clas-
sic Th1 cells 10 classic Th1 cells
lines were transduced with either
control NGFR vector or MSC-vector
and subjected to IL-2 stimulation.
(A) Real-time quantitative PCR eval-
uation of IL-2R chains expression
by NGFR control- (black columns)
or MSC- (white columns) transduced
classic Th1 cells. Data are presented
as mean of mRNA expression (nor-
malized on GAPDH) + SE. (B) Phos-
phorylation of STAT5A/B (Tyr694/699)
in NGFR control- (black columns)
or MSC- (white columns) transduced
classic Th1 cells (n = 10 cell lines)
induced by IL-2 stimulation (15′ and
30′), was evaluated by flow cytom-
etry. Results are expressed as fold
change of MFI on stimulated versus
unstimulated, left panel; a represen-
tative histogram analysis is shown
on the right panel. (C, D) Phospho-
rylation of STAT5B (Ser193) in NGFR
control- (black columns) or MSC-
(white columns) transduced classic
Th1 cells (n = 3 cell lines) induced
by IL-2 stimulation at the indicated
time points, was evaluated byWestern
blot and confocal microscopy. (C) One
representative immunoblot is shown
(left); the mean + SE of relative optical
density of three independent exper-
iments are depicted (right). Statisti-
cal significance, between time points
versus time 0, was determined using
Student’s paired t-test: *p  0.05. (D)
MFI of confocal microscopy analysis is
depicted (left). Statistical significance,
stimulated versus unstimulated, was
determined using Student’s paired t-
test: *p  0.05. One representative pic-
ture is depicted (right, scale bars 5 μm).
(E, F) Total STAT5B protein was evalu-
ated by (E) Western blot and (F) confo-
cal microscopy in NGFR control- (black
columns) or MSC- (white columns)
transduced classic Th1 cells (n = 3 cell
lines). (F) Results are expressed as MFI
mean + SE.
large family of genes that encode for regulatory subunits of the
PP2A phosphatase. PP2A is composed of a scaffold subunit (A), a
catalytic subunit (C), and a regulatory (B) subunit. The catalytic
and scaffold subunits are each coded by two closely homologous
genes (PP2A C α, PPP2CA, and β, PPP2CB; PP2A A α, PPP2R1A,
and β, PPP2R1B). In contrast, the regulatory subunits are coded
by a large variety of genes that have been grouped in three fam-
ilies (B, B′, and B′ ′). A functional PP2A holoenzyme is formed
when the relatively invariant catalytic/scaffold core heterodimer
couples with one of the B subunits. The choice of the regulatory B
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Figure 5. Musculin affects IL-2 signaling by reducing STAT5B Ser193 phosphorylation in Th17 cells STAT5B Ser193 phosphorylation upon IL-2
signaling was evaluated in classic Th1 and Th17 cell lines. (A) Phosphorylation of STAT5B Ser193 in three classic Th1 (black columns) and 3 Th17
(white columns) cell lines induced by 15’ IL-2 stimulation, was evaluated by confocal microscopy. Results are expressed as MFI of + SE (left).
One representative picture is depicted (right, scale bars 5 μm). Statistical significance was determined using Student’s unpaired t-test: *p  0.05
versus unstimulated cells. (B) Total STAT5B protein was evaluated by confocal microscopy in three classic Th1 (black columns) and 3 Th17 (white
columns) cell lines (scale bars 5 μm). Results are expressed as MFI mean +SE (left). One representative picture is depicted (right, scale bars 5 μm).
subunit determines the substrate specificity of the enzyme. By this
way, the same enzyme has distinct targets in different cells [16].
Therefore, PPP2R2B mRNA expression was analyzed by quanti-
tative RT-PCR on a series of human Th17 and classic Th1 clones
derived from PB of healthy subjects. As shown in Fig. 6A, PPP2R2B
mRNA levels were significantly higher in Th17 than in classic Th1
clones. In order to establish whether the high PPP2R2B expression
in Th17 cells was RORγt- and MSC-dependent, the existence of
a possible correlation in the expression of the two molecules was
evaluated. As shown in Fig. 6B and C, there was a strict positive
correlation between both RORC2 and MSC with PPP2R2B mRNA
expression. This observation prompted us to investigate whether
forced MSC expression in PB-derived classic Th1 cells by lentivi-
ral vector was able to induce upregulation of PPP2R2B mRNA
expression. As shown in Fig. 6D, MSC-, but not control-lentivirus
transduction, induced high PPP2R2B mRNA expression in classic
Th1 cells.
In order to understand whether the high PPP2R2B mRNA lev-
els found in Th17 cells may account for their impaired STAT5B
ser193 phosphorylation, we stimulated the cells with IL-2 in the
presence or in the absence of the total PP2A inhibitor, calyculin A.
As shown in Fig. 7A, pretreatment of Th17 cells with calyculin A
significantly increased STAT5B ser193 phosphorylation upon IL-2
stimulation. In addition, calyculin A restored STAT5B ser193 phos-
phorylation in response to IL-2 also in MSC-transduced Th1 cells
(Fig. 7B). More importantly, inhibition of PPP2R2B with specific
siRNA, but notwith siRNA control (Fig. 7C), significantly increased
the STAT5B ser193 phosphorylation in Th17 cells (n = 3 clones)
(Fig. 7D).
PP2A controls STAT3 activity in human Th17 cells,
but independently of PPP2R2B
STAT3 activity is controlled by phosphorylation on Tyr705, which
promotes nuclear translocation andDNA binding, and by phospho-
rylation on Ser727, that instead has an inhibitory effect since pro-
motes Tyr705 dephosphorylation. It is already known that PP2A
favors STAT3 activity by dephosphorylating STAT3 Ser727, and
that inhibition of PP2A is associated to reduced Tyr705 phospho-
rylation upon cytokine triggering, reduced STAT3 DNA binding
and its relocation from the nucleus to the cytoplasm [17]. Based
on these findings, we hypothesized that the high PP2A activity
observed in Th17 cells may not only be involved in inhibiting
STAT5B, but also in favoring STAT3, which plays a crucial role in
Th17 development and/or maintenance. In order to support this
hypothesis, we analyzed STAT3 Ser727 and Tyr705 phosphoryla-
tion in response to IL-23 in presence or in absence of the PP2A
inhibitor calyculin A. As shown in Fig. 8A, STAT3 Ser727 phospho-
rylation was not affected by the stimulation with IL-23. However,
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Figure 6. PPP2R2B is more expressed in Th17 cells and is RORC2- and
MSC-dependent. (A) Real-time quantitative PCR evaluation of PPP2R2B
expression in 10 Th17 and 10 classic Th1 clones. Data are presented
as mean of mRNA expression (normalized on GAPDH) + SE. Statistical
significance was determined using Student’s unpaired t-test: *p  0.05.
(B, C) PPP2R2B mRNA correlation with (B) RORC2 mRNA and (C) MSC
mRNAwas performed.mRNA levelswere normalized onGAPDH. Statis-
tical significancewas determined using Pearson’s correlation: p 0.001.
(D) Real-time quantitative PCR evaluation of PPP2R2B expression in 10
NGFR- and 10MSC-transduced classic Th1 cell lines. Data are presented
as mean of mRNA expression (normalized on GAPDH) + SE. Statistical
significance was determined using Student’s paired t-test: *p  0.05.
in presence of the PP2A inhibitor, phosphorylation levels of STAT3
Ser727 significantly increased independently of the addition in
culture of IL-23 (Fig. 8A). More importantly, the IL-23-induced
STAT3 Tyr705 phosphorylation was significantly impaired by the
addition in culture of calyculin A (Fig. 8B). These findings sup-
port the hypothesis that PP2A controls STAT3 activity. However,
given the selective expression of the PPP2R2B regulatory subunit
observed in Th17 cells and its importance in regulating STAT5B
activity, we wondered whether it might be also responsible for
the PP2A-mediated regulation of STAT3 Ser727 phosphorylation.
For this reason, we transfected Th17 cells with scramble (NT)
or PPP2R2B-specific siRNA and we evaluated STAT3 Ser727 and
Tyr705 phosphorylation in response to IL-23 signaling. As shown
in Fig. 8C, inhibition of PPP2R2BmRNA in Th17 cells with specific
siRNA did not increase STAT3 Ser727 phosphorylation if com-
pared to the control, and this allowed optimal STAT3 Tyr705
phosphorylation in response to IL-23 stimulation (Fig. 8D). These
data clearly demonstrate that STAT3 activity in Th17 cells is reg-
ulated by PP2A, but not through the regulatory subunit PPP2R2B.
Overexpression of MSC in human Treg cells inhibits
Foxp3 expression
It has been recently shown that MSC is involved in murine iTreg
cell development. Upon stimulation of na¨ıve T cells in the presence
of TCR triggering and TGF-β, MSC is rapidly upregulated and par-
ticipates to iTreg phenotype acquisition by suppressing the Th2
program. This occurs by physical interaction with GATA3 tran-
scription factor, leading to its inactivation and thus to blockade
of Th2 associated genes expression [18]. Of note, very low lev-
els of MSC expression were found in thymic Treg cells compared
with that in iTreg cells, suggesting the involvement of a differ-
ent molecular machinery in regulatory cell phenotype acquisition
and maintenance. In light of these findings, we sorted peripheral
human CD4+CD25high Treg cells, to check whether also in the
human setting MSC is important for Treg cells. RT-PCR analysis
revealed low MSC mRNA transcripts in Treg cells, if compared
with that in resting Th17 cells (Fig. 9A). Accordingly, PPP2R2B
mRNA levels in Treg cells were lower than in Th17 cells (Fig. 9B).
Stimulation of Treg cells with IL-2 showed their capacity to appro-
priately phosphorylate STAT5B Ser193, in agreement with the
pivotal role of this signaling pathway in maintaining high levels of
the master transcription factor Foxp3 (Fig. 9C). Thus, we decided
to force MSC expression in PB-derived CD4+CD25high Treg cells by
lentiviral approach. As expected, we found higher MSCmRNA lev-
els in MSC- than in control-lentivirus transduced cells (Fig. 9D).
MSC induction was accompanied by a significant upregulation
of PPP2R2B mRNA levels (Fig. 9E) and by lower phosphoryla-
tion of STAT5B Ser193 upon IL-2 signalling (Fig. 9F). In order
to investigate whether reduced STAT5B Ser193 phosphorylation
lead to its functional inactivation, Foxp3 expression in Treg cells
was evaluated upon forced induction of MSC. Flow cytometric
analysis revealed a significantly lower MFI of Foxp3 in MSC- than
in control-lentivirus transduced cells (Fig. 9G).
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Figure 7. PP2A inhibition leads to increased STAT5B Ser193 phosphorylation both in Th17 and MSC-transduced classic Th1 cells STAT5B Ser193
phosphorylation upon PP2A inhibitionwas evaluated in Th17 andMSC-transduced Th1 cells (A) 3 Th17 clones and (B) 3MSC-transduced classic Th1
cell lines were subjected to IL-2 stimulation (15′), in the presence or absence of calyculin A. (A, B) Phosphorylation of STAT5B Ser193 was evaluated
by confocal microscopy (scale bars 5 μm). Results are expressed as fold change of MFI of stimulated versus unstimulated. Statistical significance
was determined using Student’s paired t-test: *p  0.05. (C) Real-time quantitative PCR evaluation of PPP2R2B mRNA expression in three Th17
clones after 72 h transfection with PPP2R2B-specific and control (NT)-siRNA. Data are presented as mean of mRNA expression (normalized on
GAPDH) + SE. Statistical significance was determined using Student’s paired t-test: *p  0.05. (D) Phosphorylation of STAT5B (Ser193) in three
Th17 clones transfected with PPP2R2B-specific and control-siRNA induced by IL-2 stimulation (15′). Results are expressed as fold change of MFI of
stimulated versus unstimulated. Statistical significance was determined using Student’s paired t-test: *p 0.05. Confocal microscopy images are
merged signals of CD3 (blue), TOPRO (red), STAT5B pSer193 (green) (scale bars 5 μm).
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Figure 8. PP2A controls STAT3 activity in a PPP2R2B-independent manner (A, B) 3 Th17 clones cultured in medium alone (black columns) or
in the presence of PP2A inhibitor calyculin A (white columns) were subjected to 15′ and 30′ of IL-23 stimulation. Phosphorylation levels of (A)
STAT3 Ser727 or (B) STAT3 Tyr705 were evaluated by flow cytometry. (C, D) 3 Th17 clones were subjected to transfection with either control (NT)-
(black columns) or PPP2R2B-specific (white columns) siRNA. Phosphorylation of (C) STAT3 Ser727 or (D) STAT3 Tyr705 were evaluated. Results
are expressed as kinetics of MFI + SE (A, C) or as MFI + SE fold increase over unstimulated cells (B, D). Representative histogram plots for each
experiment are shown (right). Statistical significance was determined using Student’s paired t-test: *p  0.05.
C© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu
Eur. J. Immunol. 2017. 47: 1427–1442 HIGHLIGHTS 1437
Figure 9. MSC is not expressed by human
Treg cells and its forced induction inhibits
Foxp3 expression (A, B) five Th17 and four
CD4+CD25high (Treg) cell populations were
ex vivo sorted from nine different buffy
coats. Real-time quantitative PCR evalua-
tion of (A) Musculin and (B) PPP2R2B gene
expression was performed. Data are pre-
sented as mean of mRNA fentograms from
10 000 cells+ SE. Statistical significancewas
determined using Student’s unpaired t-test:
*p  0.05. (C) Four CD4+CD25high (Treg) cell
lines established from ex vivo sorted cells
was subjected to 15’ IL-2 stimulation. Phos-
phorylation of STAT5B Ser193 was evalu-
ated by confocal microscopy. Results are
expressed as MFI + SE (left image). A rep-
resentative confocal microscopy image of
one of the cell lines analyzed is shown
(right), with merged signals of CD3 (blue),
TOPRO (red), STAT5B pSer193 (green) (scale
bars 5 μm). Statistical significance was
determined using Student’s paired t-test:
*p  0.05. (D, E) Real-time PCR evalu-
ation of (D) Musculin and (E) PPP2R2B
expression in four Musculin and NGFR
control-transduced Treg cell lines. Data
are presented as mean of mRNA expres-
sion (normalized on GAPDH) + SE. Sta-
tistical significance was determined using
Student’s paired t-test: *p  0.05. (F) Four
CD4+CD25high (Treg) cell populations trans-
duced with MSC- or NGFR control-vector
were evaluated for phosphorylation of
STAT5B Ser193 upon 15’ IL-2 stimulation, by
confocal microscopy. Confocal microscopy
images are merged signals of CD3 (blue),
TOPRO (red), STAT5B pSer193 (green) (scale
bars 5 μm). Results are expressed as fold
change of MFI + S E of stimulated ver-
sus unstimulated. Statistical significance
was determined using Student’s paired t-
test: *p  0.05. (G) Foxp3 expression was
evaluated by flow cytometry analysis in
four Musculin and NGFR-control trans-
duced Treg cell lines. Results are expressed
as MFI + SE. Statistical significance was
determined using Student’s paired t-test:
*p  0.05.
Discussion
We have previously shown that human Th17 cells, despite their
well-known pathogenicity, have a lower frequency than Th1 cells
at sites of inflammation. The reasons for this rarity can be iden-
tified in (i) the tendency of these cells to shift their phenotype
towards Th1 in presence of an inflammatory microenvironment,
and (ii) in their inability to appropriately clonally expand upon
antigen recognition. In a previous study, we found that the control
of Th17 cell expansion is mediated by a RORγt-dependent mech-
anism, which involves the expression of IL4I1, a phenylalanine
oxydase that is responsible for CD3 molecules downregulation. In
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the same study, we also found that Th17 cells were also impaired
in ensuring an appropriate sensitivity to IL-2 stimulation, if com-
pared to Th1 cells, although the precise mechanisms involved in
this defect were not extensively investigated.
The functional role of MSC in T lymphocytes, to date, has
not been clarified. MSC expression by Th17 cells was epigeneti-
cally regulated through DNA methylation, appeared to be RORγt-
dependent, and its forced expression in Th1 cells resulted in a
strong inhibition of their responsiveness to IL-2. In order to under-
stand how MSC can interfere with the IL-2 response, we decided
to look at the different steps by which IL-2 is known to mediate
signaling events on IL-2 target genes. We observed no abnormali-
ties in the initial steps of the signaling cascade, but we found that
in MSC-transduced Th1 cells STAT5B displayed a reduced phos-
phorylation at Ser193, a regulatory site that is important to ensure
proper DNA binding and transcriptional activity. The same phos-
phorylation defect upon IL-2 triggering was present also in Th17,
when compared to Th1, cells. Thus, MSC expression is followed
by reduced IL-2 signaling because of a reduced phosphorylation of
STAT5B Ser193. Moreover, we found that this impairment is due
to the MSC-mediated upregulation of PPP2R2B, a regulatory sub-
unit that directs the phosphatase activity of the PP2A enzyme on
STAT5B Ser193. Inhibition of total PP2A via calyculin A or, more
importantly, selective inhibition of PPP2R2B via siRNA, was able
to restore STAT5B Ser193 phosphorylation upon IL-2 signaling in
human Th17 cells. By this way, impaired STAT5B DNA-binding
capacity leads to inappropriate expression of genes involved in
cell growth and proliferation.
Previous data in the literature show that PP2A regulates also
the activity of STAT3, which plays a critical role in favoring Th17
cell development and maintenance. In particular, PP2A is involved
in the dephosphorylation of STAT3 Ser727, that is fundamental to
guarantee proper STAT3 Tyr705 phosphorylation upon cytokine
triggering, a mandatory event for STAT3 translocation into the
nucleus and DNA binding [17]. Our data confirm these find-
ings, since PP2A inhibition via calyculin A treatment in Th17 cells
increased STAT3 pSer727 and in parallel reduced STAT3 pTyr705
upon IL-23 triggering. However, this activity seems to be inde-
pendent by PPP2R2B, since its specific silencing is not able to
increase the phosphorylation of STAT3 Ser727 and to decrease
that of STAT3 Tyr705.
The role of STAT5B Ser193 in controlling cell proliferation is
not restricted to Th17 cells but can be extended to all PB mononu-
clear cells (PBMNC) since its phosphorylation has been observed
in these cells in response to several γ-chain cytokines such as IL-2,
IL-7, IL-9, IL-15. In agreement with this, alterations of STAT5 are
involved in oncogenesis and it has been shown to be constitutively
activated in myeloid, lymphoid, and erythroid leukemia [15].
Recent evidences show that Ser193 can be one of the sites respon-
sible for STAT5B continuous activation since it is constitutively
phosphorylated in several lymphoid tumor cell lines, as well as
in primary leukemia and lymphoma patient tumor cells [15]. Of
note, it would be of particular interest understanding whether
in these malignancies the constant phosphorylation of STAT5B
Ser193 is maintained thanks to a loss of MSC and/or PPP2R2B
activity, thus identifying these genes as members of the oncosup-
pressor family. In line with this hypothesis, it has been shown that
PPP2R2B is commonly epigenetically silenced in human colorectal
cancer [19].
In addition to cell-cycle control, the data presented provide
novel tools for better understanding the development and the
maintenance of the T-cell phenotype since both STAT5 and STAT3
play pivotal roles in these processes. Indeed, it has already been
shown that these STAT family members compete for binding to
several DNA regions, and their balance is important to direct the
development and the maintenance of two opposite T-cell pro-
grams. On one side, STAT3 prevalence favors Th17 cell differen-
tiation, allowing RORC2 and IL17A gene expression; on the other,
STAT5 prevalence inhibits the Th17 program by inhibiting IL17
locus expression, while favoring the development of Treg cells,
with the upregulation of FOXP3 and IL2RA genes [20, 21]. Thus,
by controlling the activation status of these two competing STAT
proteins, PP2A enzymemay play a central role in controlling T-cell
fate. Supporting this concept, we have shown that MSC is not
expressed by human Treg cells, and that its forced overexpression
leads to PPP2R2B upregulation, STAT5B Ser193 dephosphoryla-
tion and inhibition of DNA-binding capacity that is revealed by a
significant reduction of Foxp3 protein expression. In agreement
with our observations, recent data in the literature show that in
mice STAT5B has a dominant role over STAT5A in controlling
Foxp3 expression, since in vitro induced Treg cells from Stat5b−/−
mice exhibit lower levels of both Foxp3 mRNA and protein if com-
pared to STAT5a−/− mice. Moreover, in vivo induced Foxp3+ Treg
cells from the same Stat5b−/− mice have lower expression of IL-2rα
and reduced suppressive capacity, when compared to Stat5a−/−
Tregs [22]. In addition, human studies support the notion that
STAT5B is fundamental for the expression of Foxp3 and IL-2Rα,
since STAT5B−/− patients (with normal STAT5A function) are
characterized by Treg cells that are both reduced in numbers and
decreased in suppressive function [23]. Musculin was recently
identified also in murine iTreg: while both thymic Treg (tTreg)
cells and iTreg cells require IL-2 for their maintenance and expan-
sion via STAT5 signaling, iTreg cells develop by stimulation of
naїve T cells with TGF-β that results in the induction of Foxp3
expression via the Smad3 signaling; early musculin upregulation,
TGF-β dependent, has been demonstrated to be responsible for
Th2 polarization repression; instead, thymus derived murine Treg
show very low MSC expression [18]. Our data show that human
PB-derived CD4+CD25high Treg cells do not express MSC, and its
forced induction leads to Foxp3 downregulation. These differences
may be due to different mechanisms operating in the two species,
human, and mouse, but also because the experimental settings
are not comparable due to the absence in humans of selection
markers such as murine Neuropilin that allow to distinguish iTreg
from tTreg cells. Another transcription factor whose expression is
strictly controlled by the STAT3-STAT5 balance is BCL6, the mas-
ter regulator of Tfh cells differentiation. Again, STAT3 dominance
favors BCL6 expression, while STAT5 has inhibitory effects on this
gene [24]. In agreement with our findings, it has recently been
shown that murine Tfh cells expressMsc, thus suggesting that also
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in these cells the molecular axis MSC-PPP2R2B is active and is
involved in inhibiting STAT5 activity in favor of STAT3 [12].
In conclusion, the emerging scenario depicts the existence of a
complex network of signaling proteins that is deputed to the fine
regulation of the activation status of STAT3 and STAT5 transcrip-
tion factors. PP2A enzyme seems to play a key role in this network,
thus further deepening of the mechanisms and the actors that
play a role in regulating its activity might be of great interest for
better understanding how T cells make decisions regarding their
phenotype.
Materials and methods
The authors acknowledge the recently published Minimum Infor-
mation about T-cell Assays (MIATA) Guidelines and have provided
detailed information in accordance with MIATA.
Subjects
PB samples were obtained from eight healthy donors. SF samples
were collected from four JIA patients. UCB samples were obtained
from three donors. The procedures followed in the study were in
accordance with the ethical standards of the Regional Committee
on Human Experimentation.
Reagents
The medium used was RPMI 1640 (Seromed, Berlin, Germany),
supplemented with 2 mM L-glutamine, 1% nonessential amino
acids, 1% pyruvate, 2 × 10–5 M 2-mercaptoethanol (2-ME) (all
from Gibco Laboratories, Grand Island, NY), and 10% FCS (Euro-
clone). Unlabeled or flurochrome-conjugated anti-CD3, CD4, CD8,
CD161, CCR6, CD271, IFN-γ, isotype-matched control mAbs
were from BD Biosciences (Mountain View, CA). Flurochrome-
conjugated anti-IL-17 mAbs were from eBiosciences (San Diego,
CA). PE-Cy7-conjugated CD161 was from (Miltenyi Biotec, Ber-
gisch Gladbach). Flurochrome-conjugated anti-CXCR3 mAbs were
from R&D System. Phorbol 12-myristate 13-acetate (PMA), ion-
omycin, brefeldin A, and saponin were from Sigma Aldrich Co.
(St. Louis, MO).
T-cell recovery and expansion
MNC suspensions were obtained from PB, SF, and UCB by centrifu-
gation on Ficoll–Hypaque gradient; cell counting was performer
with a hemocytometer. PB CD4+ T cells were negatively selected
by high-gradient magnetic cell sorting (Miltenyi Biotec), as previ-
ously described [25] and were then further divided into CD161+
and CD161− by immunomagnetic cell sorting. PB CD4+CD161+
and CD4+CD161− T-cell population were further subdivided in
CCR6+ and CCR6− cell fractions by FACSAria (BD Biosciences).
PB CD4+CD161+CCR6+ and CD4+CD161−CCR6− cell lines were
then cultured under limiting dilution in order to obtain Th17, non-
classic Th1, and Th1 clones, respectively, classified by flow cytom-
etry for intracellular staining of IL-17 or IFN-γ cytokines [3, 6].
PB CD4+CD161−CCR6− were also FACS enriched for CXCR3+
expression to obtain classic Th1 cell polyclonal population (Sup-
porting Information Fig. 4). PB CD4+CD161+CCR6+ were further
divided in CXCR3+ and CXCR3− by FACS to obtain nonclassic
Th1 and Th17 cell polyclonal cell lines, respectively. Treg cells
were obtained by FACSAria as CD25 high expressing cells starting
from negatively selected CD4+ T population. UCB CD4+ T cells,
from three samples, negatively selected by high-gradient magnetic
cell sorting, were further divided into CD161+ and CD161− T-cell
fractions by FACSAria.
Cytokine secretion assay
PB and SF CD4+ T cells were negatively selected by high-gradient
magnetic cell sorting and further divided into CCR6+ and CCR6−
cells by immunomagnetic cell sorting, then were stained with
anti-CD161 PE-Cy7, stimulated with PMA-ionomycin, recovered
after 3 and half hours, washed and then stained with IFN-γ and
IL-17 catch reagents (Miltenyi Biotec), following manufacturer’s
instructions. Following additional 45 min of incubation (37°C,
5% CO2) cells were stained with anti-CD3-Pacific Blue, -IL-17-
APC, and -IFN-γ-FITC, analyzed and sorted by FACSAria. PB and
SF samples were divided into CD4+ CCR6+ CD161+ IL-17+IFN-
γ−, CD4+ CCR6+ CD161+ IL-17-IFN-γ+, CD4+ CCR6− CD161−
IL-17-IFN-γ+ T cells.
RNA isolation, cDNA synthesis, and real-time
quantitative RT-PCR
Total RNA was extracted by using the RNeasy Micro Kit (Qiagen,
Hilden, Germany) and treated with DNase I to eliminate possible
genomic DNA contamination. RNA reverse transcription was per-
formed with Taqman Gold kit (Thermo Fisher Scientific). Briefly,
for the analysis of each gene expression, total mRNA recovered
from 10 000 cells was reverse transcribed and then subjected to
RT-PCR amplification. Ct values were then transformed into fen-
tograms of cDNA using a standard curve. For in vitro cultured
cells, cDNA fentograms were then normalized on GAPDH cDNA
fentograms, in order to exclude possible activation-dependent dif-
ferences (relative expression). Primers and probes used were pur-
chased from Thermofisher.
Western blot analysis
T-cell lysates were prepared in lysis buffer (RIPA buffer: 25 mM
Tris-HCl pH7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxy-
cholate, 0.1% SDS, and 5 mM EDTA) containing a protease- and
phosphatase-inhibitor mixture (Pierce). Proteins were quantified
by Bradford Assay, then equivalent amounts were separated by
SDS-PAGE on a 4–20% polyacrylamide gel (Bio-Rad, USA) for
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2 hours at 120 V, transferred to a nitrocellulose membrane for 16 h
at 30 V, and finally blocked in 5% milk for 1 hour at room temper-
ature. Proteins were detected by anti-human MSC (sc9555; clone
N20 Santa-Cruz biotechnology), anti-human STAT5b, anti-human
STAT5a (abcam: ab178941, ab32043) or anti-human STAT5b
phospho-Ser193 (gently provided by Robert A. Kirken Univer-
sity of Texas at El Paso) administered for 18 hours and fol-
lowed by incubationwith horseradish peroxidase–conjugated anti-
rabbit, anti-goat Ab (Santa-Cruz biotechnology) for 1 hour at room
temperature. β−Actin was used as protein loading control and
detected by 1 hour room temperature staining with horseradish
peroxidase-conjugated mouse anti-human β−Actin (Sigma
Aldrich). An enhanced chemiluminescent substrate (GE Health-
care) for detection of HRP was used for visualization. Immunoblot
films were digitized and analyzed using ImageJ (National Insti-
tutes of Health). Optical density (OD) of the immunoreactivity of
interest, e.g. STAT5B, was normalized to β-actin OD. All West-
ern blot densitometry data are normalized for the loading control
β-actin, and expressed as “relative optical density.”
Confocal microscopy
For MSC evaluation cells were first incubated for 30 min with
biotin-NGFR mAb or with a control isotype, washed, and incu-
bated with Streptavidin-488 conjugated. Cells were then fixed in
formaldehyde, permeabilized with cold methanol (Sigma), and
incubated with rabbit IgG (1 mg/mL). Finally, cells were stained
with an anti-MSC Ab (goat IgG, Santa Cruz, 5 μg/mL) or control
isotype (goat IgG, Santa Cruz, 5 μg/mL) overnight. The day after,
detection was performed with Alexa Fluor 546-conjugated anti-
goat IgG (2 μg/mL), in buffer containing TOPRO-3 dye (0.2 μM)
for nuclear counter staining. For STAT5B pSer193 detection, cells
were stimulated with or without IL-2 (50 U/mL), then fixed in
formaldehyde and permeabilized with 0.1% Triton (Sigma), and
incubated with goat serum (1 mg/mL). Cells were stained with
rabbit polyclonal IgG anti-Stat5b pSer193 Ab (Robert A. Kirken
University of Texas at El Paso 10 μg/m) or anti-Stat5b (Abcam)
and anti-CD3 (mouse IgG1, BD, 10 μg/mL); detection was done
with Alexa Fluor 488 anti-rabbit IgG and Alexa Fluor 546 anti-
mouse-IgG1 (2 μg/mL both), in buffer containing TOPRO-3 dye
(0.2 μM). Microscopic images were taken by a LSM 510 META
Zeiss confocal microscope system (Carl Zeiss Inc., Jena, Germany),
using 40X oil immersion lens, corresponding to a 400X magnifi-
cation. For images analysis Confocor 2 (Zeiss) software was used.
Scale bars = 5μm.
DNA methylation analysis
DNA methylation was evaluated by bisulfite cloning and sequenc-
ing approach. Genomic DNA was extracted with the DNA Blood
Mini Kit (QIAGEN, Hilden, Germany) as previously described
(Mazzoni 2015) followed by bisulfite conversion with the EpiTect
Bisulfite Kit (Qiagen), according to the manufacturer’s instruc-
tions. Bisulfite treated DNA was PCR amplified by using bisulfite-
specific primers F: 5′AATTTATTAAATATAATAGTAAGGATTTTT
R: 5′ AATTTACAAAACTTAAAACTAAACC and then cloned into
pCR2.1 vector (Invitrogen). Cloned products were then trans-
formed into chemically competent E. coli TOP10 cells (Invitro-
gen). Plasmid DNA from at least 15 colonies for each population
was recovered and then sequenced by Sanger sequencing (GATC
Biotech AG, Constance, Germany). Finally, sequences were ana-
lyzed with BISMA software (Rohde 2010).
T-cell proliferation assay
A total of 0.5 × 105 T cells were cultured for 3 days with anti-
CD3-CD28 mAbs (5 μg/mL each), in presence or absence of IL-2
(50 IU/mL) or with IL-2 alone. On day 3, cells were pulsed for
8 h with 0.5 μCi of 3H-TdR (Perkin Elmer), then harvested, and
radionuclide uptake was measured by scintillation counting.
Chromatin immunoprecipitaion
ChIP was performed essentially as described (Nebbioso et al.,
2005) with anti-human RORC (clone ab41941, Abcam; Cam-
bridge, UK) on Th17 cell clones after 6 h stimulation with anti-
CD3-CD28 mAbs. The quantitative PCR, performed in an abi 7500
thermal Cycler, was carried out with a set of primer: 5′ TAG
ATT GTG TAT TGA AGA GCG A 3′- 5′ AGA CGT ACT TAT CCC
CTG AC 3′; 5′ TGG CAT TTG GTC ACC TCC TTC 3′-5′ ATA AGA
TAA AAA TAA AGG CTG TA 3′; 5′TTCACATTGTCCCAGAACCA3′-
5′ACAAAGGAGCACCCTGAATG3′. After amplification, data were
analyzed according a standard method (DDCt calculation) and
controlled against a no-Ab input and plotted as percentage of
total chromatin input.
Lentivirus transduction
PB derived CD4+CD161−CCR6−CXCR3+ cells, and UCB derived
CD4+CD161+ cells were activated with irradiated APCs plus anti-
CD3 mAb (1 μg/mL). After 16 h, pCCL EF1α NGFR or pCCL EF1α
NGFR RORC2 or pCCL EF1α NGFR MSC lentivirus were added
at a multiplicity of infection of 10 and cells were spinoculated at
1200 × g, 26°C for 2 h. Transduced T cells were kept in culture
with IL-2 (100 U/mL, Eurocetus, Italy), purified after 10 days with
anti-NGFR-PE (BD Biosciences) plus anti-PE microBeads (Miltenyi
Biotec); purities greater than 98% being consistently achieved,
and then expanded with irradiated APCs, anti-CD3 plus IL-2 for
additional 3 weeks.
siRNA delivery and gene silencing
One hundred seven cells of Th17 cell clones were transiently nucle-
ofected with 3 μM of hRORC-siRNA (siGENOME SMARTpool, GE
C© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu
Eur. J. Immunol. 2017. 47: 1427–1442 HIGHLIGHTS 1441
Healthcare Dharmacon) or with 1 μM PPP2R2B-siRNA (Silencer R©
siRNAs, Ambion, Thermo Fisher Scientific) by electroporation with
the Amaxa Nucleofector (program T-020; Amaxa Biosystems) with
the Human T Cell Nucleofector Kit (Lonza Basel, Switzerland).
siGENOME Non-Targeting siRNA (NT) Control Pools or Silencer R©
Negative Control were used as negative control of hRORC-siRNA
or hPPP2R2B-siRNA, respectively. Cells were harvested at 72, 96,
and 120 h for mRNA evaluation by RT-PCR, STAT5B Ser193 phos-
phorylation status by confocal microscopy and STAT3 phosphory-
lation by flow cytometry.
Phospho-protein assays
Phosphorylated proteins were evaluated by PhosFlow (BD Bio-
sciences) intracellular cell staining protocol following manu-
facturer’s instructions. Briefly, cells were stimulated with IL-2
(50 IU/mL) or triggered with mAbs anti-CD3/CD28 mAbs and
at different time point were fixed in CytoFix Buffer I for 10 min at
37°C, permeabilized 30min on ice with Perm Buffer III and stained
with the specific Abs: fluorochrome-conjugated anti-phospho-
STAT5 (Tyr694), CD3ζ (Tyr142) (BD Biosciences), or S6ribo
(Ser235 and 236) (Cell Signaling). Stained cells were then ana-
lyzed on a BDLSRII cytometer (BD Biosciences). Histogram plots
were obtained using FlowJo software (Tree Star,Oregon, USA).
Microarray
Gene expression profiles on human Th1 and Th7 clones were
assessed by cDNA microarray technique using One Color Microar-
ray Quick Labeling kit (Agilent Technologies, Cernusco s/N, MI,
Italy), as previously described (Santarlasci 2012). The microar-
ray data are available in the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/gds) under the accession number
GSE30664
Statistics
Student t-test was used for mRNA expression analysis, MFI analy-
sis of flow cytometry and confocal microscopy, immunoblot densit-
ometry, and 3H-TdR uptake experiments. Mann–Whitney test was
used for DNA methylation and ChIP studies. p values of 0.05 or
less were considered significant. Pearson’s correlation coefficients
were used to calculate the correlations.
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